In this paper, the practical impedance approach steady-state analysis in the frequency domain of the three-phase self-excited induction generator (SEIG) with a squirrel cage rotor is presented, along with its operating performance evaluations. The three-phase SEIG is driven by a variable-speed prime mover (VSPM) in addition to a constant-speed prime mover (CSPM) such as a wind turbine and a micro gas turbine for the clean alternative renewable energy in rural areas. The basic steady-state characteristics of the VSPM are considered in the three-phase SEIG approximate electro-mechanical equivalent circuit and the operating performances of the three-phase SEIG coupled by a VSPM and/or a CSPM in the steady-state analysis are evaluated and discussed on line under the conditions related to the speed changes of the prime mover and the electrical inductive load power variations with simple computation processing procedures. A three-phase SEIG prototype setup with a VSPM as well as a CSPM is implemented for the small-scale clean renewable and alternative energy utilizations. The experimental performance results give good agreements with those ones obtained from the simulation results. Furthermore, a PI controlled feedback closed-loop voltage regulation of the three-phase SEIG driven by the VSPM on the basis of the static VAR compensator (SVC) composed of the thyristor phase controlled reactor (TCR) in parallel with the thyristor switched capacitor (TSC) and the fixed excitation capacitor bank (FC) is designed and considered for the wind generation as a renewable power conditioner. The simulation analysis and experimental results obtained from the threephase SEIG with the SVC for its voltage regulation prove the practical effectiveness of the additional SVC with the PI controller-based feedback loop in the steady-state operations in terms of the fast response and the high performances.
Introduction
The use of the wind power for electric power generation has been started and became as one key technology of the major government projects. Many applications are related to small and medium scale wind power facilities where several wind turbines are interconnected to generate clean and alternative electricity for the rural residential requirements. Most wind turbines are equipped with three-phase induction generators. The three-phase induction machine with a squirrel cage rotor or wound rotor could work as a three-phase induction generator either connected to the utility ac power distribution line or operated in the self-excitation power generation mode with an additional stator terminal excitation capacitor bank
(1) (5) . The terminal voltage and the output frequency of the three-phase induction generator are the same as the utility grid ac voltage and the commercial frequency of the utility ac power source to which the three-phase induction generator is connected. The reactive power required for the three-phase induction generator is to be supplied by the utility ac power source and the active output power of the three-phase induction generator is delivered to the distribution power network. With the fixed frequency of the utility ac power source, the three-phase induction machine starts to operate in the generation mode when the rotor shaft speed is above the synchronous speed. The operating range of the rotor shaft speed is also limited by the slip of the three-phase induction machine. In case of a high slip, the winding copper losses increase as the currents increase.
On the other hand, in an isolated stand-alone operation for clean alternative renewable energy utilizations, the three-phase induction generator operates in the selfexcitation power generation mode when an appropriate capacitor bank connected in parallel with its stator terminal ports and driven by a renewable energy prime mover as wind turbine. The three-phase self-excited induction generator (SEIG) determines its own generated terminal voltage and its output frequency, which depend on the capacitance of the excitation capacitor bank, the three-phase induction machine parameters, the electrical passive inductive load components, and the speed of the prime mover. Over the past decade years, many researchers have attempted to analyze the steady-state performance of the three-phase SEIG using its approximate equivalent circuit. The approximate steady-state circuit analysis in a frequency domain of the three-phase SEIG driven by a constant-speed prime mover shown in Fig. 1 has been done based on the nodal admittance approach and the series impedance approach with the following assumptions for a few papers presented previously
(1) (7) . -Iron losses are negligible.
-Only fundamental M.M.F. waves are considered.
-Resistances and reactances of the three-phase induction machine are constant, except for the magnetizing reactance described graphically by means of the magnetization curve.
-The rate of change in the parameters and variables of the equivalent circuit is extremely small, so that the steady-state equivalent circuit can be used so far.
Because of the operation of the three-phase SEIG on the stand-alone utilizations, the frequency of the output voltage can no longer be kept constant. These frequency variations affect on both the inherent reactances and the specific value of the slip for a given speed of the three-phase SEIG. To take account of these frequency variations, all the reactances are represented in per unit terms, referring to the values measured at the base frequency; F b (50 Hz or 60 Hz), so that any reactance at a given frequency can be expressed by X = f X base , where X is the reactance in Ohm at the output frequency F of the three-phase SEIG, X base is the measured reactance at the base frequency F b and f = F/F b is defined as the per unit frequency. By dividing all the circuit parameters and voltages represented by f, the electromechanical equivalent circuit depicted in Fig. 1 is able to be derived generally. In Fig. 1 , the slip of this induction generator is represented in terms of the per-unit Fig. 1 . Per-phase electro-mechanical equivalent circuit of SEIG frequency f and the per-unit speed υ, where υ= N/Ns, N is the rotor speed in rpm and Ns is the synchronous speed of the rotating field; Ns = 1500 rpm.
In Fig. 1 , R 1 , X 1 , R 2 and X 2 are the resistances and the leakage reactances of the stator winding and the squirrel cage rotor side parameters referred to the stator winding side in Ohm, respectively. R L and X L are the resistance and the reactance of the passive inductive load in Ohm, respectively. C is the excitation capacitance in Farad, X c is the excitation reactance in Ohm, X m is the magnetizing reactance in Ohm,Ė 1 ,V t ,İ 1 ,İ 2 ,İ L andİ C are the per-phase air gap voltage in Volt, the per-phase generated terminal voltage in Volt, the per-phase stator current in Ampere, the per-phase rotor current in Ampere referred to the stator side, the per-phase load current in Ampere and the per-phase excitation current in Ampere of the three-phase SEIG, respectively.
Using the iterative technique, the steady-state performance analysis of the three-phase SEIG driven by a variable-speed prime mover has been carried out in Ref. (8) . This iterative technique is used to evaluate the per-unit frequency of the three-phase SEIG driven by a variable-speed prime mover with all its approximate electro-mechanical equivalent circuit with parallel branches converted to the equivalent series branches as a function in the per-unit frequency. As a drawback for this conversion, the above technique cannot be extended to apply for the steady-state analysis of the single-phase SEIG driven by a variable-speed prime mover (9) (10) . The terminal voltage of the three-phase SEIG with variable loads can be maintained constant by adjusting the value of the excitation capacitance or by controlling the prime mover speed. Adjustment of prime mover speed is not always possible. So, the appropriate method is the adjustment of the capacitor value continuously. The adjustable excitation capacitor value can be achieved by many control strategies using power electronics (9) (17) . Some of these proposals use inverters and field-orientation algorithms to excite and control the induction generator. That enables stiff voltage regulation and high efficiency. As a drawback, the field orientation requires costly and unreliable mechanical position sensing systems as encoders or resolvers. There are other proposals that do not require positionsensing systems. Some of them are based on a shuntconnected PWM voltage source inverter, supplying constant frequency voltage, and some others supplying reactive current to the induction generator by a capacitor bank and an inverter simultaneously based on the instantaneous reactive power theory (17) . The voltage regulation of the three-phase SEIG driven by a constant speed prime mover using static VAR compensator of the thyristor controlled reactor (TCR) only with a fixed capacitor has been presented as only experimental work in reference (11) . This paper describes an effective algorithm for evaluating the steady-state performance analysis of the three-phase SEIG driven by a variable-speed prime mover (VSPM) as well as a constant-speed prime mover (CSPM) based on the electro-mechanical equivalent circuit representation in the frequency domain basis as promising stand-alone power supplies in rural district. In addition, the simulation and experimental results of the closed-loop feedback with the PI controller using the static VAR compensator (SVC) composed of the TCR in parallel with the thyristor switched capacitor (TSC) and the fixed excitation capacitor bank (FC) for the terminal voltage regulation of the three-phase SEIG driven directly by the VSPM are established and discussed in this paper.
System Description
With great advances of the MOS gate controlled power electronic semiconductor switching devices such as IGBT, CSTBT and IEGT, a controlling power device called a static VAR compensator is used effectively. The schematic system diagram of the three-phase SEIG voltage regulation based on the SVC controlled by a PI controller in the feedback loop is shown in Fig. 2 . The 4 poles, 220 V, 2 kW squirrel cage type three-phase SEIG with star connected stator winding is designed for supplying a balanced three-phase inductive load. The threephase SEIG is excited by the SVC composed of the FC in parallel with the TSC and the TCR based on the synchronous phase angle control strategy. The thyristor triggering pulse control circuit per-phase for the TCR and the PI controller circuit in a feedback control scheme are designed and shown in Fig. 3 and Fig. 4 , respectively, for the purpose of regulating the three-phase SEIG generated terminal voltage. The three-phase SEIG is able to be driven directly by the VSPM as the wind turbine used widely in the renewable energy utilizations in the rural areas. Table 1 indicates the design specifications and the induction machine parameters of three-phase SEIG and the constant circuit parameters of the voltage regulation system for the three-phase SEIG with the SVC composed of the TCR in parallel with the FC and the TSC operated by the PI compensator. The terminal voltage of the three-phase SEIG can be maintained constant using a SVC, while controlling the triggering angle of the TCR thyristors in a closed loop manner. Fig. 2 shows a PI closed loop feedback voltage control scheme based on the SVC for the three-phase SEIG. In this scheme, the rectified average voltage V tr of the threephase SEIG is compared to a dc voltage reference signal V ref . Voltage error signal e is fed to the PI controller. The output signal e c of this controller is fed to the triggering circuit which in turn drives the thyristor to feed the three-phase SEIG variable capacitive currents, according to the system requirements. If the feedback signal is smaller than the reference signal, an additional capacitive current is needed. In these conditions, the controller increases the TCR triggering delay angle of the trigging gate circuit. Further, it reduces the inductive current and results in boosting the excitation to the induction generator. Inversely, the controller decreases Table 1 . Design specifications and circuit parameters the TCR triggering delay angle when the generator voltage is greater than the dc reference value. This voltage regulator is capable to regulate the terminal voltage irrespective of the load value and power factor within the rated capacity of the generator. However, the value of the fixed capacitor in parallel with the TSC is usually designated to generate rated voltage at full load conditions, the inductor value is designed for compensation of part of the capacitor value required from no load to full load conditions.
Variable-Speed Prime Mover Characteristics
The mechanical output power P m of the VSPM is defined as (8) (10) ,
where ω s (ω s = 2πN s /60) is the rated synchronous angular speed. T m is the mechanical output torque of the VSPM in N.m and can be represented by,
where τ o and υ o respectively are the torque coefficient and speed coefficient in N.m. In experiment, a controllable separately-excited dc motor is used with a constant armature voltage and a field current control. Fig. 5 illustrates the effect of the field current control on the torque speed characteristics and the corresponding torque-speed coefficients τ o and υ o which are given by (9) (10) ;
where K t , φ m , V a and R a are the torque constant, the field flux per pole in wb, the armature voltage in Volt and the armature resistance in Ohm of the dc motor, respectively. 
Static VAR Control with PI Compensator for Three-Phase SEIG Voltage Regulation
The circuit of Fig. 2 represents an application of an ac voltage controller to maintain a constant generated terminal voltage of the three-phase SEIG with varying the load VAR requirements. The voltage regulation fixed excitation capacitance supplies a fixed amount of reactive power, generally more than the required for both the inductive load and the three-phase SEIG. The parallel inductance of the TCR absorbs a variable amount of the reactive power, depending on the delay angle of the SCRs. The net reactive power supplied by the inductorcapacitor combination is controlled to match that absorbed by the inductive load and the three-phase SEIG to keep its generated terminal voltage is constant. As the VAR requirement of the inductive load changes, the delay angle is adjusted to maintain a constant generated terminal voltage of the three-phase SEIG. This type of the terminal voltage regulation is known as a static VAR control (18) . The SCRs are placed in the inductor branch rather than in the capacitor branch because very high currents could results from switching a capacitor with an SCR. Static VAR control has the advantage of being able to adjust to changing load requirement very quickly. Reactive power is continuously adjustable with static VAR control, rather than having discrete levels, as with capacitor banks, which are switched in and out with circuit breakers or anti-parallel on/off control thyristors; TSC. Static VAR control is becoming increasingly prevalent in installations with rapidly varying reactive power requirements as electric arc furnaces.
The instantaneous inductive current flowing through the inductor of TCR shown in Fig. 2 with the thyristor triggering delay angle α is expressed by Refs. (9), (10), (18) ,
where α is the thyristor triggering delay angle with respect to the zero crossing output voltage waveform, σ is the conduction angle of the thyristor, X TCR is the equivalent inductive reactance of the TCR inductor. V t is the per-phase effective value of the three-phase SEIG generated output voltage and ω is the electrical angular frequency. With neglecting the harmonic currents generated by the switched inductances, the fundamental component of the TCR inductive reactor current defined previously is obtained on the basis of using the Fourier series expansion as follows,
where B TCR is the equivalent inductive susceptance of the TCR and defined as a function of the conduction angle σ as,
The relationship between the conduction angle σ and the thyristor triggering delay angle α of the TCR is given by,
Observing Eq. (6), the control variable of the conduction angle σ of the TCR corresponding to the control variable of the triggering delay angle α which is between π/2 and π will be between π and zero. The Laplace transformation of the output signal E c (s) of the PI controller is indicated by,
where V ref (s), V tr (s) are the Laplace transformation of the reference voltage and the rectified voltage proportional to the terminal voltage of the three-phase SEIG, respectively, K P and K I are the Proportional gain and Integral gain of the PI controller, respectively. The above equation can be expressed in the discrete form as follows,
where
] is the terminal voltage error signal at the sampling time (k − 1), T s is the sampling period (sec).
Steady-State Analysis and Operating Performance of SEIG Excited by Static VAR Compensator

Equivalent Circuit Analysis
The perphase approximate electro-mechanical equivalent circuit in the frequency domain of the three-phase SEIG excited by the SVC (9) (10) is depicted in Fig. 6 . The equivalent susceptance B TCR of the TCR as a function of its conduction angle σ and the capacitive reactance X TSC of the TSC which is switched on under the conditions that the terminal voltage of the three-phase SEIG is less than the desired or reference voltage (220 V) and the conduction angle σ = 0 of the TCR or the triggering delay angle α = π are connected in parallel with the fixed excitation reactance X C . The impedance approach-based circuit analysis is applied on the approximate frequency domain-based electro-mechanical equivalent circuit of the three-phase SEIG excited by the SVC in Fig. 6 with the per-unit frequency, f (f = F/F b , F and F b are the generated output frequency and base frequency of the three-phase SEIG) and the per-unit rotor speed υ (υ = N/Ns) as state variables. The squirrel cage rotor current I 2 referred to the stator winding side of the three-phase SEIG can be defined as,
The term (f − υ) is usually extremely small from a practical point of view. As a result, the term (X 
The mechanical input power P i of the three-phase SEIG is defined as (8) (10) ,
By substituting I 2 in Eq. (10) into Eq. (11) and making a mechanical power balance through equating Eqs. (1) to (11), the per-unit speed, υ can be expressed as a function of the per-unit frequency f as follows,
By employing the impedance approach analysis in Fig. 6 , the following equation can be easily written,
Sinceİ 1 does not equal to zero for the self-excitation power generation mode and the successful generated terminal voltage building up of the three-phase SEIG, the following impedance relationship is held,
whereŻ rm ,Ż mq andŻ qr can be described by considering the electro-mechanical equivalent circuit shown in Fig. 6 and defined as Eqs. (A1), (A2) and (A3), respectively in Appendix. For a given fixed excitation capacitive reactance X C , a TSC capacitive reactance X TSC , a TCR inductive susceptance B TCR , a load resistance R L and a load reactance X L , the three-phase SEIG machine parameters of its stator and rotor (R 1 , X 1 , R 2 and X 2 ) and the torque-speed characteristics of the VSPM (τ o and υ o ), the two non-linear simultaneous equations in the per-unit frequency f and the magnetizing reactance X m can be derived by equating the imaginary and real parts of the above equation to zero and arranged as follows,
Equating the right-hand side of Eqs. (15) and (16) and then mixing cross-multiplication of the successive terms yields the 10 th order polynomial equation written by,
where the real coefficients from Y 0 to Y 10 have been systematically expressed in terms of the constants A i
and indicated in Appendix.
Operating Characteristics
By using Newton Raphson method with the initial value of the perunit frequency f = τ 0 /υ 0 , the per-unit frequency f can be determined from Eq. (17) and then substitute the per-unit frequency f into Eqs. (15) or (16) to calculate the magnetizing reactance X m . The air gap voltage E 1 is evaluated from the magnetization characteristic defined by the relationship between the air gap voltage E 1 and the magnetizing reactance X m . To determine the magnetization curve of the three-phase SEIG, the three-phase induction machine is driven at the rated synchronous speed Ns = 1500 rpm and a three-phase variable voltage ac supply is supplied to the stator winding at the rated frequency 50 Hz (1) (17) . According to the above conditions, the slip of the three-phase induction machine is equal to zero and hence the rotor branch in Fig. 6 is opened. Therefore, the magnetizing reactance X m is estimated as follow by using the equivalent circuit shown in Fig. 6 without the fixed excitation capacitive reactance X C , the TSC capacitive reactance X TSC , the TCR inductive susceptance B TCR and the load impedance,
where the experimental data of the per-phase supply voltage V s and current I s is indicated in Fig. 7 . The air gap voltage E 1 is then calculated by, The relation between the air gap voltage E 1 and the magnetizing reactance X m is obtained experimentally and depicted in Fig. 8 . To evaluate the three-phase SEIG characteristics, the magnetization curve obtained experimentally is represented with a piece-wise linear characteristics by the following equation giving a sufficiently good mapping of the air gap voltage E 1 versus the magnetizing reactance X m nonlinear curve as shown in Fig. 8 . Using a piece-wise linear representation the air gap voltage E 1 is given by,
For estimating the three-phase SEIG performances, the following equations are derived by using the perphase electro-mechanical equivalent circuit of the threephase SEIG excited by the SVC shown in Fig. 6 
where,
where I 1 , V t , I L , P L and Q L are the per-phase stator current, the per-phase generated terminal voltage of the three-phase SEIG excited by a SVC and driven by a VSPM, the per-phase load current, the total active power and reactive power of the balanced passive load, respectively.
Simulation and Experimental Results
Operating Performances of Three-Phase SEIG Driven by Variable-Speed Prime Mover
The steady-state analytical algorithm of the threephase SEIG driven by a VSPM is based on the perphase electro-mechanical equivalent circuit of the threephase SEIG excited by SVC as shown in Fig. 6 with neglecting the per-phase equivalent inductive susceptance (B TCR = 0) of the TCR and the TSC capacitive reactance (X TSC = 0) as derived and explained in section 5. The impedance approach is applied to determine the characteristics of the three-phase SEIG driven by a VSPM as a wind turbine. A feasible prototype of the three-phase SEIG driven directly by a VSPM represented by a controllable separately-excited dc motor is built and tested actually. The no-load generated terminal voltage vs. the excitation capacitance characteristics, which are selected to be chosen above the minimum value required to build up the terminal voltage of the three-phase SEIG driven by a VSPM is shown in Fig. 9 . The terminal voltage of the three-phase SEIG driven by a VSPM with a certain torque-speed characteristic (τ 0 = 120, υ 0 = 133) increases with the excitation capacitance and also with changing the torque-speed characteristic from (τ 0 = 120, υ 0 = 133) to another one (τ 0 = 110, υ 0 = 112) as illustrated in Fig. 5. Fig. 10 indicates the variations of the output frequency of the three-phase SEIG driven by a VSPM against its excitation capacitance at no load with different torque-speed characteristics. The output frequency of the three-phase SEIG decreases with increasing the excitation capacitance from 150 µF to 350 µF at a certain torque-speed coefficients (τ 0 = 120, υ 0 = 133 where the VSPM speed decreases in accordance with the torque-speed characteristic of the VSPM shown in represents the VSPM speed variations due to the inductive load power changes vs. the terminal voltage of the three-phase SEIG. Fig. 11 and Fig. 12 indicate that the terminal voltage decreases as increasing the inductive load power and the prime mover speed decreases in accordance with the torque-speed characteristic of the VSPM from the no load rotor speed N = 1360 rpm to the full load rotor speed N = 1240 rpm.
Operating Performance Evaluations of SEIG Driven by Constant-Speed Prime Mover
The steady-state theoretical algorithm of the threephase SEIG driven by a VSPM and excited by the SVC derived and explained in section 5 is used to calculate the operating performance evaluations of the constant-speed prime mover (CSPM) coupled the three-phase SEIG. With a constant speed or relative rotor speed υ, the rotor impedanceŻ r referred to the stator winding side of the three-phase SEIG shown in Fig. 6 , which is only a function of the relative rotor speed υ and defined as (A5) in Appendix, can be represented with setting G 0 = 0, G 1 = R 2 , G 2 = −υ and G 3 = 1 which mean that neglecting the coefficient (3E 2 1 /ω s ) and setting to υ 0 = 1 and τ 0 = υ. While the equivalent excitation capacitive reactance X SVC of the SVC defined as (A4) in Appendix can be simplified and expressed only as a function of the fixed excitation capacitive reactance X c by neglecting the inductive susceptance (B TCR = 0) of the TCR and the TSC capacitive reactance (X TSC = 0), the resultant will be only the fixed excitation capacitive X SVC = X c /f 2 as shown in Fig. 1 . For the three-phase SEIG driven by a CSPM with different constant speeds; N = 1400 rpm, N = 1300 rpm and N = 1250 rpm, the no-load generated terminal voltage vs. the excitation capacitance characteristics which are selected to be chosen above the minimum value required to build up the three-phase SEIG terminal voltage is shown in Fig. 13 . The terminal voltage of the three-phase SEIG increases with the capacitances of the excitation capacitor bank at a constant speed and also increases with increasing the CSPM speed. Fig. 14 indicates the variations of the output frequency of the threephase SEIG against its excitation capacitance with different constant speeds; N = 1400 rpm, N = 1300 rpm and N = 1250 rpm. The output frequency of the threephase SEIG slightly changes with increasing the excitation capacitance as compared to the three-phase SEIG coupled by a VSPM shown in Fig. 10 and increases linearly with increasing the CSPM speed. Fig. 15 gives the load characteristics of the three-phase SEIG terminal voltage with the output power for a fixed capacitance of the excitation capacitor bank at a constant speed N=1300 rpm when supplying an inductive load with 0.8 lagging power factor. The terminal voltage variations are shown in the same figure for three values of excitation capacitances (C = 244 µF, 294 µF and 344 µF per-phase). The terminal voltage of the threephase SEIG drops with increasing the inductive load and the maximum output power extracted from the threephase SEIG increases with the CSPM than that with the VSPM. Fig. 16 shows the output frequency variations of the three-phase SEIG against the inductive load power for an inductive load with 0.8 lagging power factor with a fixed excitation capacitance C = 294 µF and different values of constant speeds. The output frequency of the three-phase SEIG drops from the no load to the full load which means that the output frequency of the three-phase SEIG changes with the load power variations but with small variation ranges. The frequency variations increase with the inductive load.
Reference Voltage Changes
The SVC composed of the TSC and the FC in parallel with the TCR is used for realizing the feedback closed control loop voltage regulation scheme to provide the stabilized terminal voltage of the three-phase SEIG depicted in Fig. 2 . The conventional fixed-gain PI controller (see To validate and test the practical effectiveness of the SVC for regulating and stabilizing the terminal voltage of the three-phase SEIG driven by a VSPM, a balanced inductive load with 0.8 lagging power factor are connected on the three-phase SEIG terminal ports. Under the above inductive load variations as mentioned in subsection 6.4, Fig. 21 shows the measured three-phase SEIG terminal voltage response and the TCR trigging angle response with the SVC composed of FC in parallel with TCR. With decreasing the load impedance value as mentioned in subsection 6.4 until the terminal voltage is decreased lower than the specified reference voltage (220 V) and the TCR triggering delayed angle α equals to π. The experimental responses of the three-phase SEIG terminal voltage and the TCR trigging angle with FC in parallel with the TSC are represented in Fig. 22 . In experiment, the TSC is switched on manually by observing the terminal voltage response of the three-phase SEIG. From the above characteristic figures, the generated terminal voltage of the three-phase SEIG raises on the sudden increasing of the load parameter values; R L and X L . The feedback closed-loop PI controller adjusts the controlled virtual equivalent inductive susceptance B TCR of the TCR by increasing its conduction angle from σ = 0 which means that the TCR is off-state, i.e. decreasing the triggering delay angle α of the TCR from α = π rad. or α = 180 degree. The virtual equivalent inductive susceptance value of the TCR will be increased until the generated terminal voltage of the three-phase SEIG has to be regulated to obtain the desired value or the reference value, 220 V. While a sudden application or decreasing the load components of R L and X L values, the generated terminal effective voltage of the three-phase SEIG decreases. The thyristor triggering delay angle α of the TCR is increased to decrease the controlled equivalent inductive susceptance of the TCR regulated by the feedback closed loop-based PI controller output signal error voltage until the error voltage goes toward zero. When a large load is connected to the three-phase SEIG terminals, the thyristor triggering delay angle α of the TCR is increased until it is equal to π rad., i.e. the TCR becomes off state or σ = 0. The generated terminal voltage of the three-phase SEIG is still less than the desired value 220 V. The TSC is switched on in this instant and connected to the three-phase SEIG terminals in parallel with the TCR, the generated terminal voltage of the three-phase SEIG will increase over the desired value 220 V. The PI controller in the feedback loop of the SVC-based voltage regulation adjusts the virtual equivalent inductive susceptance B TCR of the TCR until the error voltage goes toward zero. The results obtained above prove that the voltage regulation of the three-phase SEIG is carried out with fast responses.
Conclusions
This paper has introduced an effective algorithm for the steady-state frequency domain analysis and operating performance evaluations based on the approximate electro-mechanical equivalent circuit of the threephase SEIG driven directly by a VSPM in addition to a CSPM as the wind turbine. The steady-state operating performances of the three-phase SEIG have been obtained in terms of its output frequency and terminal voltage variations in accordance with the fixed excitation capacitance, the inductive load power and the prime-mover speed for the wind turbine. In addition, this paper dealt with the SVC for the voltage regulation of the three-phase SEIG driven by the VSPM. External disturbances such as the stand-alone passive inductive load were applied to build and test for evaluating the proposed SVC-based feedback control implementation system. The three-phase SEIG output responses in the terminal voltage were validated on the practical effectiveness of the SVC control scheme. A three-phase SEIG prototype setup excited by SVC was established with the cost effective wind turbine power conditioner for the stand-alone utilizations used in the rural alternative energy effective utilization area from an earth environmental protection point of view. The feasible experimental curves on the three-phase SEIG performance showed good agreements with those obtained from the digital simulation results.
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